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Zusammenfassung

Die Evolution von Kulturpflanzen, insbesondere von Amaranth, wurde lange Zeit als
lineare Entwicklung von der Wildform zur domestizierten Pflanze angesehen. Die un-
vollstdndige Domestizierung von Amaranth und seine lange Anbaugeschichte machen ihn
jedoch zu einem hervorragenden Modell fiir die Untersuchung der komplexen Genomdy-
namik von Nutzpflanzen. Ziel dieser Arbeit ist es, das komplizierte genomische Mosaik
des Domestikationsprozesses bei fiinf wilden und domestizierten Amaranth-Unterarten zu
entschliisseln.

Mithilfe von Populationsgenomik und Computerbiologie werden in dieser Studie die
genetischen Auswirkungen auf Amaranth-Populationen untersucht, einschlieflich des Gen-
flusses und des Potenzials fiir die Artbildung. Das Hauptziel dieser Arbeit ist es, die
genomischen Auswirkungen des Kontakts nach der Domestizierung auf fiinf Amaranth-
Populationen in Amerika zu untersuchen, die sowohl wild als auch domestiziert sind. Die
Studie zeigt, dass Amaranth-Pflanzenarten nach der Domestizierung nicht nur genetisches
Material austauschen, sondern dass der Kontakt mit ihrem wilden Vorfahren auch dazu
beitragt, ihre genetische Vielfalt und damit ihre evolutiondre Rettung zu erhalten.

Dartiiber hinaus werden im Rahmen dieser Forschung computergestiitzte Werkzeuge
und Ressourcen fiir die Verarbeitung und Analyse der riesigen Menge an generierten
Genomdaten entwickelt. In dieser Arbeit wird PopAmaranth vorgestellt, ein neuar-
tiger Genom-Browser fiir die Populationsgenetik. "PopAmaranth bietet eine intuitive
Schnittstelle, die verschiedene Funktionen wie Selektionssignale, Genannotation und Vari-
antenaufrufe integriert und es interdisziplindren Forschern ermoglicht, genomische Daten
im Populationsmafstab zu erforschen und Untersuchungen in der Populationsgenomik
und Pflanzenziichtung zu erleichtern."

Zusammenfassend gewidhrt diese Doktorarbeit neue Einsichten in die evolutionére
Geschichte von Amarant und verdeutlicht das komplizierte Verhéaltnis von domestizierten

und wilden Populationen. Die Forschungsarbeit unterstreicht die Bedeutung von Comput-



erprogramme wie Genom-Browsern fiir die Erleichterung von Genomanalysen auf Popula-
tionsebene. Diese Ergebnisse tragen zum Bereich der Populationsgenomik bei und foérdern
unser Verstandnis der genetischen Dynamik, die der Diversifizierung von Arten zugrunde

liegt.



Abstract

Crop evolution, especially that of amaranth, has long been thought to be a linear pro-
gression from wild to domesticated. However, amaranth’s incomplete domestication and
extensive cultivation history make it an excellent model for studying the complex genome
dynamics of crops. This thesis aims to unravel the intricate genomic mosaic of the do-
mestication process in five amaranth sub-species, wild and domesticated.

Through population genomics and computational biology, this study investigates the
genetic impact on amaranth populations, including gene flow and the potential for spe-
ciation. The primary objective of this thesis is to explore the genomic effects of post-
domestication contact on five amaranth populations, both wild and domesticated, found
in the Americas. The study shows that not only do amaranth crop species exchange ge-
netic material after domestication, but contact with their wild ancestor also contributes
to maintaining their genetic diversity and, consequently, evolutionary rescue.

Moreover, this research creates computational tools and resources to handle and an-
alyze the vast amount of genomic data generated. The thesis introduces PopAmaranth,
a novel genome browser for population genetics. PopAmaranth provides an intuitive in-
terface integrating various features such as selection signals, gene annotation, and variant
calls, enabling interdisciplinary researchers to explore population-scale genomic data and
facilitate investigations in population genomics and crop breeding.

In summary, this doctoral thesis provides novel insights into the evolutionary history of
amaranth, unraveling the intricate interplay between domesticated and wild populations.
The research highlights the importance of computational tools like Genome Browsers in
facilitating population-scale genomic analyses. These findings contribute to the field of
population genomics, advancing our understanding of the genetic dynamics underlying

species diversification.
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1 Introduction

1.1 Genomics and Computational Biology enable Population Ge-

nomics

Genomics comprises the study of genomes diversity, their structure, function, or regulation. Studying
the proximity and distance between species helps researchers to depict their relationship and reconstruct
their evolutionary history. Learning how those changes are reflected in today’s genomes can help to
create better models and predictions for the future (Ritland and Clegg, 1987). Since the unveiling of the
DNA structure by Watson and Crick in 1953 and the assembly of the first complete genome using Sanger
capillary sequencing in 1977, the field of genomics has rapidly expanded, enhancing its capabilities and
resolution. The past few decades have seen significant advancements in technology, resulting in a huge
leap in population genomics. Landmark projects like the release of the whole-genome of Arabidopsis
thaliana (Initiative, 2000) and the Human Genome Project (Venter et al., 2001) made whole genomes
accessible for researchers. Meanwhile, the output of DNA sequencing has increased, while the costs have
decreased significantly (Wolinsky, 2007; Reuter et al., 2015). The combination of high-throughput parallel
short-read sequencing technologies and more advanced computational tools has allowed for a finer-scale in
research than ever before (Wu et al., 2010). Expanding reference panels such as the 1001 genomes project
(Weigel and Mott, 2009) and whole-genome sequences opens a new window for comparative studies.
While population studies date from decades (Charlesworth and Charlesworth, 2017), the convergence
of high-throughput sequencing and computational capacity created new opportunities for unprecedented
fine-grain understanding of the evolutionary processes leading to current populations. On the other
hand, the growing amount and scale of generated data make scientists move beyond their individual
disciplines (Eddy, 2005). Computational tools can address a new variety of research questions in the
biological sciences, never possible before. Particularly, Computational Biology takes advantage of these
technological leaps to analyze and interpret biological data. It encompasses a wide range of approaches,
including bioinformatics, statistical analysis, and machine learning.

Plant population genomics typically involves high-throughput genomic technologies, such as DNA
sequencing, generating large amounts of genetic data through computational methods to understand
better plant species’ evolution, adaptation, and diversity (De Wit et al., 2012).

Food security presents a major challenge for humanity as a society. With the increased necessity
of food yield for an ever-growing population (Kumar and Bhalothia, 2020). The application of new

knowledge on previously unexplored crops contributes to addressing the challenges in the current context



of a rapidly changing climate.

1.1.1 Resources in Computational Biology increase accessibility of Genomics

results

The complexity of the growing amount of data, study systems, or downstream analyses can quickly result
in the accumulation of haphazard information that is challenging to access, interpret, or reproduce.
The advent of whole-genome data resources has two marked, complementary effects on the relatively
new discipline of bioinformatics. Firstly, the flood of data creates a need and demand for new tools.
Secondly, the unprecedented extent, diversity, and increasing completeness of the data sets are creating
opportunities for new approaches to discovery based on computational methods (Denn and MacMullen,
2002). Further, these data are being generated simultaneously by many different groups spread all over
the globe. Groups consist of diverse researchers, requiring information tailored to their specific contexts.
Establishing resources that the scientific community can explore, contribute to, and access is necessary.
The sharing of information allows not only the collective knowledge to grow but also a more efficient
usage of resources, avoiding duplication of work and waste of high-cost and, many times, hard-to-obtain
genomic information. Better accessibility allows for easier and clearer data exploration, increasing the
potential for collaboration between dry and wet lab scientists. Such examples are databases such as
Ensembl (Hubbard et al., 2002), NCBI (Pruitt et al., 2005) or Phytozome (Goodstein et al., 2012), which
host archives for read sequencing in respective projects but also reference genomes or annotations. These
references are vital for comparative studies and establish a common ground for further studies. The
ubiquitous access to genomic data, primarily establishing standard file formats, pushes the development
of resources and tools and builds the foundation for Computational Biologists to explore them in the
constantly generated sequencing information.

The availability of genome-wide diversity data of crops and their wild relatives has already impacted
the identification and study of candidate genes of agronomic significance, being it a loss for seed shattering,
grain quality, or pericarp color, among others (Huang et al., 2012; Hufford et al., 2012; Wang et al.,
2020a). Although many of the resources allowed the expansion of knowledge extraction, those tools
are still very hard to access for non-computational scientists. To bridge the gap between dry and wet
labs, new visualization resources are necessary to provide access to the summary statistics in a user-
friendly way. Intuitive interfaces such as genome browsers provide graphical interfaces for analyzing,
searching, and retrieving genomic sequences and annotation data. Genome browsers allow researchers
to quickly understand patterns and identify genes or regions of interest in multi-omics or multi-species

analysis. While genome browsers became widely spread for genetic studies, they are primarily present



for model species and mostly for animals or humans. Resources like Ensembl (Hubbard et al., 2002),
UCSC (Karolchik et al., 2003), or TAIR (Swarbreck et al., 2007) are invaluable resources for the scientific
community. Despite this recognition, this sort of tool is still scarce in population genomics, particularly

in plant sciences.

1.2 Population Genomics to study the forces driving evolution

Genetic variation can be explained by a combination of selective pressures and demographic factors, such
as population size and structure (Novo et al., 2022). Population structure alone can have a substan-
tial effect on genetic differentiation. Previous studies have demonstrated that population structure can
correlate with local environmental adaptation, such as molecular traits that provide high-temperature
adaptation (Pradhan et al., 2016). The subdivision of populations can create heterogeneous effects along
the genome between species (Lawson et al., 2012). An investigation into population structures using
genomic data revealed that the distribution of genetic variation varies greatly across the genome. Some
regions show high levels of genetic differentiation between populations, while others demonstrate little or
no evidence of population structure (Lohmueller et al., 2009).

Organisms change over time in response to selective pressures in their environments (Crozier et al.,
2008). This can lead to the development of new traits that are advantageous for survival and reproduction,
ultimately resulting in the emergence of new species (Baack and Rieseberg, 2007). For example, if
a population of organisms is isolated from other populations by a physical barrier (such as a mountain
range), they may experience different selective pressures and evolve differently. If these differences become
large enough, the two populations may become reproductively isolated, affecting their exposure to genetic
drift differently. These changes in allele frequencies can accumulate enough to evolve into separate species
eventually (Feder et al., 2012).

The effective population size (Ne) can also affect the rate of evolutionary change (Wright, 1931).
Although effective population size can help determine the rate of change in the demographics and com-
position of a population (Charlesworth, 2009), other forces contribute to these alterations.

One of these forces is genetic drift, which introduces random changes in allele frequencies in a popu-
lation. These changes in each generation can alter gene variant frequencies and ultimately expand rarer
variants or make other traits disappear (Gossmann et al., 2011). Genetic drift can alter allele frequen-
cies, causing rarer variants to expand and shift from the Hardy-Weinberg equilibrium. The equilibrium
principle posits that the prevalence of different neutral alleles will remain consistent across generations
in sizeable populations. Nonetheless, as time passes, stochastic changes in these frequencies between

generations will likely result in the eradication of certain alleles and the fixation of others (Zeigler, 2014;



Lequime et al., 2016). The strength of genetic drift is strongly associated with population size (Rich
et al., 1979). According to Sewall Wright’s hypothesis, (Wright, 1931) drift can be more dominant in
smaller populations as these populations are more susceptible to the accumulation of drift load (Cruzan,
2022).

The genetic diversity of a population is also heavily influenced by its size. Generally, larger popula-
tions tend to have a greater amount of genetic variation, whereas smaller populations are more vulnerable
to a loss of diversity through genetic drift (Athrey et al., 2018). Conversely, smaller populations typically
exhibit lower genetic diversity when compared to their larger counterparts. As a result, it is crucial to
take population size into account when examining genetic variation (Montana et al., 2017). The presence
of this standing genetic variation provides the genomic pool for a species to adapt to potential new con-
straints or develop new characteristics that can be advantageous (Masel, 2011; Burke et al., 2014). The
maintenance, diminishing, or expansion of the strength of drift is influenced by selection. The two forces
compete in the evolutionary dynamics of range expansions (Weinstein et al., 2017). When directional
selection acts, it leaves signatures on the patterns of nucleotide polymorphisms, usually classified as selec-
tive sweeps (Stephan, 2019). These selective sweeps, the rise in frequency of certain alleles in a region of
the genome, reduce the nucleotide diversity by increasing genetic differentiation between populations and
deviating the allele frequency from neutral expectation. Exposure to different conditions can increase the
selective pressure acting on the genomes. A particular case of selective pressure is the domestication of
species that can affect genetic diversity (Hammer, 1984; Doebley et al., 2006). Repetitive human selection
of desired traits leads to allele frequency change along the genome. Thus, domestication competes in an
intricate balance with selection, genetic drift, and gene flow. While the first domestication tends to be
sustained and directional, the other forces can confound these signals (Simon and Coop, 2023).

Gene flow is the transfer of genetic material between populations through hybridization, which can
cause the incorporation of immigrant genomes via sexual reproduction or hybridization. In addition, the
process of gene flow can have both positive and negative effects on genetic variation. In some cases, high
gene flow can lead to the homogenization of genetic diversity among populations, limiting local adaptation
and reducing the capacity to withstand environmental change (Tigano and Friesen, 2016). However, gene
flow can also introduce novel genetic variation into populations, especially when coupled with genetic
drift and mutation (Appiah-Madson et al., 2022). This can increase the overall genetic variation within
a population, particularly in larger populations with higher levels of gene flow (Gompert et al., 2021).
Additionally, gene flow can facilitate the spread of adaptive genetic variants across populations, allowing
for local adaptation to occur in diverse habitats. The impact of gene flow on genetic variation is influenced
by several factors, such as population size, migration rate, and the presence of selection pressure (Frantz

et al., 2015). The effects of gene flow on a population depend on the magnitude and direction of the gene



flow, as well as the genetic characteristics of the population and the environment.

Overall, gene flow plays an essential role in sustaining and improving the genetic diversity and survival
of a population. It can introduce new genetic diversity into a population that may have experienced a
population bottleneck, thereby increasing the species’ chances of survival. This process can also be the
key to a faster recovery of the species after difficult conditions such as the glacial periods in Lower
Guinea (Budde et al., 2013). Gene flow can also contribute to new characteristics, such as features
for domesticated species or increased adaptation to a region. On the other hand, for well-established
populations, the introgression of maladaptive genes can reduce the overall fitness and make gene flow
a non-desirable mechanism (Ellstrand et al., 1999; Telschow et al., 2006). Gene flow can have different
effects on different parts of the genome, depending on the genetic characteristics of the region and the
selective pressures acting on it. For example, genes that play a role in reproductive fitness may be affected
more by gene flow than genes that have little effect on reproductive success. Although some barriers to
gene flow have been identified, many mechanisms that control the facilitation or restriction of gene flow
are not yet fully understood. Ecological differentiation (Shapiro et al., 2012), genomic rearrangements
(Rieseberg et al., 1995), and population density (Telschow et al., 2006) are among the factors that can
influence gene flow. Further research is needed to elucidate the complex interactions underlying gene flow
and its role in shaping genetic diversity and adaptation in populations.

By combining genomics and computational biology disciplines, we can better uncover the forces and
patterns of genetic diversity and natural selection shaping populations. The application is particularly
relevant for minor crops where fewer resources, studies, and knowledge are available. The combination
of these two disciplines can make research more accessible in these species. Population genomics studies
genetic variation within and among populations using genomic data (Luikart et al., 2019). One of the
critical characteristics of population genomics is that different types of genetic variation are typically
heterogeneously distributed along the genome (Causse et al., 2013). Instead, different types of genetic
variation tend to be clustered in specific genomic regions, reducing its variation population-wide (Lam
et al., 2010). Studying those regions and comparing patterns between populations can offer insights into
their history. We can examine these markers in greater detail at the level of single nucleotide polymor-
phism (SNP) using available high-resolution data (Mitchell-Olds et al., 2007; Yang et al., 2011; Varshney
et al., 2019). By analyzing the distribution and frequency of these markers, population genomics can
provide insights into the history of a population, including information on when and where a population
originated, how it has migrated over time, and how it has adapted to different environments. Particularly,
studying the evolution of populations and the driving forces behind their current state can fill gaps in
population history (Meyer et al., 2016). By performing variant calling, we can learn about the percentage

of heterozygous phenotypes found in each species. Comparing the number of shared variants between



populations (genetic differentiation or Fgp (Wright, 1950)) can provide a proxy for proximity between
populations. With SNP information, we can also learn about the diversity of populations. For example,
with the Wu and Waterson estimator (Watterson, 1975), we can estimate the population mutation rate
deviation from the population’s observed nucleotide diversity. Tajima § D (Tajima, 1989) can give an
indication of possible acting selection, population size changes and distinguishing between random and

non-random evolution.

1.2.1 Domestication as framework for evolution

The domestication of animals and plants, which facilitated the transition from hunting and gathering to
farming, marks a significant milestone in the evolution of humans. The transformation enabled humans
to settle down and form communities, laying the foundation for the complex societies that exist today
(Purugganan, 2019; Stetter, 2020). Domestication can be seen as a coevolutionary process between
humans and domesticated species, involving specialized mutualism where humans control the fitness of
the species to gain resources or services (Purugganan, 2022). In addition to the other competing forces,
domestication creates extreme selective pressure for preferred traits (Innan and Kim, 2004). Crops suffer
from the so-called "domestication syndrome" that involves similar phenotypic changes that strongly
differentiate them from their wild ancestors (Stetter, 2020). However, domestication is a progressive
process with different degrees. Many crops have not acquired all the ideal agroecological traits that would
make them "fully domesticate" (Meyer et al., 2012). Some of these traits include size, color, and other
characteristics that favor culture and harvesting, such as resistance to drought or loss of seed shattering
(Ross-Ibarra et al., 2007; Purugganan and Fuller, 2009; Abbo et al., 2014). Some plant species are
"incomplete domesticates," lacking some of those traits despite their historical cultivation. By studying
the genomes of such species, we can learn about the genetic background that leads to the genomes of
current populations. Given their close relationship, learning about domestication is not only about a
species’ history but also about human history as a society. Domestication typically affects population
demographics (Gaut et al., 2018). As the first species after hybridization are not yet completely adapted,
it tends to shrink the population size, leading to a bottleneck (Eyre-Walker et al., 1998). Genetic diversity
tends to decrease as variants of genes that translated into favorable phenotypes increase in frequency and
variants that confer wild characteristics decrease (Doebley, 2006). These variations leave signatures that
can be used for comparative studies to understand the genomic landscape of domestication. Further, the
impact of gene flow on plant domestication is substantial. The introgression from wild plants into newly
domesticated populations can facilitate adaptation to different environments (Moreno-Letelier et al.,

2020) and minimize the accumulation of harmful mutations in smaller populations. Moreover, gene flow



from relatives with larger population sizes can alleviate genetic load in populations with smaller effective
population sizes and may even rescue a small population from evolutionary decline. Nonetheless, it is
worth noting that crop-wild hybrids are not typically expected to excel as crops, nor fit for the wilderness
(Stetter et al., 2020).

Domestication can also be a driver of speciation (Hilton and Gaut, 1998). The strong selective
pressures on specific traits lead to the progressive formation of reproductive barriers, contributing to
the isolation of previous wild populations and creating new species. However, other cases of continuous
exchanges exist between the "newly formed" domesticated species and their wild counterparts (Tenaillon
et al., 2023). In the case of domesticated populations, gene flow might play a pivotal role. For example,
during expansion to new habitats, the contribution of beneficial alleles from locally adapted populations
can improve the fitness of the crop (Janzen et al., 2019). In other cases, it can also result in "feralized"
species, where the crop acquires wild characteristics, creating a new intermediary species (Gering et al.,
2019; Wu et al., 2021). Understanding the genetic consequences of the evolution of wild and domesticated
crops and the balance between all these forces can provide insights into the evolution of populations and
the effects of domestication as a speciation catalyst. Comprehending such mechanisms can be helpful in

enhancing future breeding programs by leveraging the genomic insights obtained from such studies.

1.3 Revolution in non-model plant research

The development, maintenance and extension of biological resources can be laborious and expensive;
therefore, the usage of model organisms is essential for life science research. Model organisms have
several characteristics that facilitate experimental manipulation and analysis, such as small size, rapid
growth, short generation time, and amenability to genetic transformation and recombination (Cesarino
et al., 2020). Model organisms also benefit from wide usage in multiple research facilities, allowing a
continuous extension of its resources, from genome sequences, gene annotation, or experimental validation
(Armengaud et al., 2014). While convenient, the major model organisms are not necessarily the best
possible system for all the questions. The advent of modern tools, the lowering costs for downstream
sequencing, and the increasing computational capacity for model generation and data analysis allow a
broadening of research studies to less-known systems (Russell et al., 2017). Expanding studies to multiple
organisms, such as plants, grasses, or invasive species, will allow us to comprehend these populations’
evolutionary histories better and how they intertwine. Research on non-model organisms provides the
opportunity to explore new and previously uncharted avenues of discovery (Russell et al., 2017). Studies
in non-model species have already revealed mechanisms previously unknown, being cancer resistance

in elephants and other long-lived mammals (Seluanov et al., 2018) or senescence mechanisms in plants



(Bernard et al., 2020; Wang et al., 2020b). By choosing plants as the object of study, we can benefit
from a combination of advantages such as lower costs, higher throughput, and shorter generation times.
Besides, studying crops can provide us with insights into both the species and the human populations

that have cultivated them.

1.4 Amaranth as a model system for studying genomic mosaic of

domestication

The Amaranthus genus comprises over 70 species, with ecological varied effects, existing in the wild,
as weed, or as a domesticated plant (also referred to as grain amaranth). Amaranthus belongs to the
dicotyledonous Amaratacae plant family and is divided into three subgenera, Acnida, Amaranthus and
Albersia (Costea et al., 2001). It can grow in width and height up to 4 meters high (Pastor and Acanski,
2018). Amaranth has historically served multiple purposes, with edible seeds and leaves, as an ornament
(Sauer, 1950), or as part of religious ceremonies and traditions (Sauer, 1993). Its gluten-free seeds contain
a high lysine, fiber, and protein content and are low in saturated fats (Aswal et al., 2016; Joshi et al.,
2018). Amaranth is a versatile grain that can be ground into flour, popped like popcorn, or flaked like
oatmeal. It is already commercially available in these variable forms, albeit on a small scale.

While it can be found widely around the globe, grain amaranth originated from the Americas. Ama-
ranth has a long history of cultivation and use by humans, going back to around 8,000 years ago. It has
been exported, cultivated, and used as a staple food and medicinal plant in many parts of the world.
Amaranth possesses some unique characteristics, which include the ability to tolerate drought and other
environmental stressors, its high nutrient content and medicinal properties, and its potential to be used in
sustainable agriculture systems (Sauer, 1950, 1967a; Stetter et al., 2020). Further, as a C4 plant, having
a relatively small genome (Stetter et al., 2017a; Lightfoot et al., 2017a), and rapid breeding capability
(Stetter et al., 2016) makes amaranth a great model for crop evolution and domestication studies (Stetter
et al., 2020).

Despite its long cultivation history in the proximity of other fully domesticated plants such as maize
(Stitzer and Ross-Ibarra, 2018), tomato (Razifard et al., 2020), or common beans (Rendoén-Anaya et al.,
2017), grain amaranth is still incompletely domesticated. The co-localization with the different species
indicates that alone, the lack of selection, being it conscious or unconscious (Purugganan, 2019; Yang
et al., 2019) is not enough to explain this incompleteness of domestication. Lack of standing genetic
variation, trait pleiotropy, polygenicity, network integration, accumulation of genetic load, admixture,
and gene flow can influence the path of domestication (Stetter, 2020; Gongalves-Dias et al., 2023).

Further, wild and domesticated amaranth can intercross, making the definition of its populations
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more complex. The continuous exchanges between amaranth populations can allow gene flow to provide
adaptive alleles or to act as a genetic rescuer, countering the loss of diversity during the bottleneck
occurring during domestication and mitigating crop vulnerability (Tenaillon et al., 2023). Contrastingly,
gene flow can also allow the domesticate to return to the "wild" and be viable without human intervention
again (Gering et al., 2019).

The taxonomic classification of amaranth has long been a subject of debate due in part to the
plasticity of the genus and the difficulty in distinguishing between grain and non-grain species (Sauer,
1967a; Kietlinski et al., 2014). Further, the domestication history of these populations has also been the
subject of intense discussion (Sauer, 1967a; Kietlinski et al., 2014; Stetter et al., 2017a).

The release of reference genomes for the grain amaranth species A. hypochondriacus (Lightfoot et al.,
2017a) and A. cruentus (Ma et al., 2021) paves the way to high-resolution and comparative genomic
studies. A recent study, which sequenced more than 100 amaranth individuals, suggested the independent
domestication of the three grain amaranths from a single A. hybridus species, twice in Central America and
a third time in South America (Stetter et al., 2020). This was supported by a higher genetic differentiation
between crop species than between crops and their wild ancestors. Nucleotide diversity was also lower on
the crops than on the wild ancestors (Stetter et al., 2020; Gongalves-Dias and Stetter, 2021), expected
from populations that went through domestication bottlenecks (Hufford et al., 2012). Despite these
differences, amaranth populations are still weakly differentiated and mostly able to hybridize between
themselves, even when strongly geographically segregated. This hybridization gives the opportunity for
gene flow to occur inter and intra wild and domesticated populations. While its presence has been
reported Stetter et al. (2020), gene flow still needs to be studied in fine detail for grain amaranth.

Improving genomic knowledge and breeding techniques brings new opportunities for underutilized
and underexplored alternative crops such as amaranth. Understanding the evolution of wild crop systems
and the genomic landscape can prove an invaluable resource for a more capable, diverse, and sustainable

agriculture with higher nutritional quality and better climate resilience.
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Figure 1: During the process of domestication, a bottleneck in population size occurs, reducing the
genetic diversity in the population. The exchange of genetic material between populations, including
wild populations, can help in the resilience of those domesticated populations (Genetic Rescue). At the
bottom are illustrated the different amaranth populations included in this thesis and their geographic
distributions. The possibility and magnitude of their exchanges are evaluated in detail.

1.5 Aims of the Thesis

The main goal of the present thesis is to investigate the post-domestication contact between populations,
particularly gene flow and their effect on their genomes, making population genomic resources of amaranth
available to the research community. While the evolution of domesticated species, particularly crops, has
been perceived as a single linear process from a wild ancestor to its domesticated species, recent studies
have demonstrated that this process is more complex for some species.

Here, I apply genomic data from whole-genomes of the crop-wild system of amaranth that originated
from Central and South America to depict its evolutionary history by studying its current populations’
genomes. Particularly, I focused on five sub-species of the Amaranthus genus, two wild (A. hybridus and
A. quitensis) and three domesticated (A. cruentus, A. hypochondriacus, and A. caudatus). A. cruentus

and A.hypochondriacus can be mostly found in Central America, whilst A. caudauts and A. quitensis
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are native to South America. A. hybridus is spread all over the Americas (Figure 1).

In Chapter 2, the amount and distribution of gene flow and genetic load were quantified along the
genome of the previously described amaranth species. Furthermore, we assess experimentally putative
genetic incompatibilities between the different amaranth species.

In Chapter 3, I aim to provide an accessible representation of the genetic variation of amaranth
populations during domestication and convergence across crops. The new resource, PopAmaranth, intends
to make this research available and explorable for the interdisciplinary scientific community.

NB: Chapters 2 and 3 are transcribed ipsis verbis of their corresponding publications.
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2 Genetic incompatibilities and evolutionary rescue by

wild relatives shaped grain amaranth domestication

Abstract

Crop domestication and the subsequent expansion of crops have long been thought
of as a linear process from a wild ancestor to a domesticate. However, evidence of
gene flow from locally adapted wild relatives that provided adaptive alleles into crops
has been identified in multiple species. Yet, little is known about the evolutionary
consequences of gene flow during domestication and the interaction of gene flow and
genetic load in crop populations. We study the pseudo-cereal grain amaranth that
has been domesticated three times in different geographic regions of the Americas.
We quantify the amount and distribution of gene flow and genetic load along the
genome of the three grain amaranth species and their two wild relatives. Our re-
sults show ample gene flow between crop species and between crops and their wild
relatives. Gene flow from wild relatives decreased genetic load in the three crop
species. This suggests that wild relatives could provide evolutionary rescue by re-
placing deleterious alleles in crops. We assess experimental hybrids between the three
crop species and found genetic incompatibilities between one Central American grain
amaranth and the other two crop species. These incompatibilities might have cre-
ated recent reproductive barriers and maintained species integrity today. Together,
our results show that gene flow played an important role in the domestication and
expansion of grain amaranth, despite genetic species barriers. The domestication of
plants was likely not linear and created a genomic mosaic by multiple contributors

with varying fitness effects for today’s crops.

2.1 Introduction

Evolution and speciation has long been viewed as a linear process with a single ancestor giving rise to one
or more derived species. Genomic data of large samples have revealed ancestry of different species within

modern populations in a number of species (Harris and Nielsen, 2016; Niu et al., 2019; Chomicki et al.,
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2020; Kozak et al., 2021; Orlando et al., 2021; Lv et al., 2022). Particularly in plants where reproductive
barriers are often weak, the potential for the exchange of genetic material between related species is rather
high (Ostevik et al., 2016; Osuna-Mascaré et al., 2023; Sheidai and Koohdar, 2023). Yet, the observation
of exchanging genetic material between species is often seen as an exception and as a minor contribution
to the genomic composition of a species.

Gene flow describes the process of exchanging genetic information between populations or even species
(Rieseberg and Burke, 2001). While interbreeding between populations might be frequent, the manifes-
tation of gene flow between locally adapted populations or even species is thought to be rare as it would
decrease fitness. Nevertheless, beneficial gene flow has been shown to be an important source of varia-
tion for local adaptation (Crispo, 2008; Sexton et al., 2011; Ellstrand, 2014; Tigano and Friesen, 2016;
Lopez-Goldar and Agrawal, 2021). At least partial fertility of hybrids is required, and compatibility
between donor and recipient determines the intensity of gene flow (Aguillon et al., 2022). In the course
of speciation, the ability to form viable hybrids can be lost, and reproductive barriers that prevent gene
flow can evolve. Hence, hybrid incompatibility can hinder gene flow and lead to reproductive isolation.
Yet, reproductive isolation in plants is often incomplete or is circumvented by intermediate populations,
allowing for gene flow even between different species.

The domestication of crops and animals led to a major transition in human lifestyle and had a
profound impact on the genetic makeup of the domesticates (Doebley, 2006). Crop domestication can
be seen as rapid evolution, often leading to speciation. Even more than speciation in general, crop
domestication has long been described as a linear process starting from one wild species evolving through
strong directional selection into a domesticate. However, this view has been challenged in recent years,
where gene flow from wild relatives have been documented in a number of crops, including maize (Ross-
Ibarra et al., 2009), rice (Yang et al., 2012), barley (Civan et al., 2021), sorghum (Sagnard et al., 2011),
tomato (Razifard et al., 2020), Brassica (Saban et al., 2023) and others (Luo et al., 2007; Ding et al.,
2022; Page et al., 2019; Liu et al., 2019). Reproductive isolation of the crop from its wild relatives would
ensure the maintenance of domestication traits, hence, the success of domestication (Dempewolf et al.,
2012). Gene flow from wild relatives would have led to a reduction of domestication-related phenotypic
changes. Early generations of crop-wild hybrids would be rather unfit as wild plants or crops, as their
adaptive traits strongly differ (Janzen et al., 2019; Stetter, 2020). Yet, gene flow from wild relatives
could have increased the genetic variation in early crops, which could have been beneficial to increase
adaptive potential (Smith et al., 2019). In addition, gene flow from locally adapted wild relatives has
been shown to have provided alleles that allowed the crop population to establish in novel environments
(Van Heerwaarden et al., 2011; Hufford et al., 2013; Wang et al., 2021).

Plant domestication has likely been driven by demographic changes and directional selection. Domes-
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tication bottlenecks reduced the effective population size, leading to an accumulation of mildly deleterious
alleles in the population (Gaut et al., 2018). Selection on major effect domestication genes might have
allowed hitchhiking of linked mildly deleterious alleles (Sedivy et al., 2017). Together these effects in-
creased genetic load — the accumulation of deleterious alleles — in the crop population (Bertorelle et al.,
2022). Several studies have assessed the accumulation of genetic load in domesticates compared to their
wild relatives, e.g., rice (Lu et al., 2006; Xu et al., 2006; Nabholz et al., 2014), maize (Rodgers-Melnick
et al., 2015; Gaut et al., 2015), and soybean (Kim et al., 2021). While an accumulation of genetic load
has been detected in many domesticated species, no increase has been detected in sorghum, potentially
due to the transition to selfing in the crop (Lozano et al., 2021). Gene flow from wild relatives with
larger effective population size into crop populations might have reduced genetic load in crops (Stetter,
2020). In sorghum, gene flow between early landraces resulted in decreased genetic load across landraces,
but no variation in genetic load was observed among landraces with or without gene flow (Smith et al.,
2019; Lozano et al., 2021). However, such evolutionary rescue by gene flow from wild relatives into do-
mesticates has received little attention. We study the effects of gene flow on genetic load in a three times
domesticated crop and its wild relatives to understand the evolutionary role of gene flow and genetic load
during crop domestication.

Grain amaranth is a nutritious pseudo-cereal from the Americas that has been domesticated three
times from one ancestral species (A. hybridus). Two grain amaranths were domesticated in Central
America (A. cruentus, A. hypochondriacus) and one in South America (A. caudatus) (Sauer, 1967b).
The taxonomic complexity of the Amaranthus genus led to different domestication scenarios for the crop
(Sauer, 1967b; Kietlinski et al., 2014; Stetter et al., 2017b). Population genetic and genome-wide selection
signals suggest subpopulations of A. hybridus as ancestors for all three grain amaranths (Stetter et al.,
2020, Figure 2A and S1). In South America, the closely related A. quitensis was potentially involved in the
domestication process of A. caudatus and genome-wide signals of gene flow between grain amaranths and
their wild relatives have been detected previously (Kietlinski et al., 2014; Stetter et al., 2020). While the
three grain amaranth species have been cultivated as a crop in different regions of America for thousands
of years, all three lack key domestication traits (Stetter et al., 2017b). A potential reason for the lack
of domestication traits might be continuous gene flow from wild relatives that prevented domestication
traits to fix (Stetter, 2020). Understanding the underlying genomic signatures of gene flow and selection
could improve the understanding of the evolutionary history of crops (Meyer et al., 2012).

In this study, we use population-wide whole genome sequencing data and reveal the mosaic signa-
ture of gene flow along the genome of domesticated amaranths. We found strong signals of gene flow
even between the three geographically isolated domesticated species. Besides post-domestication gene

flow between crops, we also observed high levels of genetic exchange between the South American wild
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species and the local crop. A hybridization experiment between three crops indicates genetic incompat-
ibility between A. cruentus and the other two grain amaranths. This reproductive barrier might be a
contributing factor to the different rates of gene flow observed between species despite their geographic
distances. Gene flow from the wild ancestor A. hybridus into the domesticated amaranths reduced genetic
load in the crops, but only a few positively selected regions were exchanged through gene flow between
crop species. Gene flow might be an important source of genetic variation for crops, not only to provide

adaptive alleles but also to reduce genetic load and allow further selection.
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Figure 2: Genome-wide signals of gene flow. A) Schematic history of amaranth domestication. Amaranth
has likely been domesticated three times independently from different subpopulations of A. hybridus
(Central America (hybridus_ CA) and South America(hybridus_SA)). A. quitensis is speculated to be
an intermediate population between A. hybridus SA and A. caudatus. Colors are consistent with the
legend in B. B) Gene flow between amaranth populations (exchanging pairs highlighted in yellow). The
D-value indicates the strength of gene flow. Only significant signals of gene flow are shown. C) Genome-
wide summary of tree topologies along the genome inferred by Twisst. The proportion of each of the
three topologies observed along the genome is shown in bars.
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2.2 Results

Strong post-domestication exchange between crops and between crops and

their wild relatives

Gene flow likely played an important role during the domestication of different crops (Janzen et al.,
2019). In grain amaranth, genome-wide signals of gene flow between species have been previously re-
ported (Stetter et al., 2017b, 2020). In order to quantify gene flow among different domesticated and
wild populations, we measured ancient admixture using the D-statistic (ABBA-BABA) for all possible
tree topologies using ANGSD (Korneliussen et al., 2014b) in whole genome sequencing data of six pop-
ulation samples of domesticated (caudatus: A. caudatus; cruentus: A. cruentus; hypochondriacus: A.
hypochondriacus) and wild amaranth (hybridus CA: A. hybridus from Central America; hybridus_SA:
A. hybridus from South America and quitensis: A. quitensis). We identified gene flow between crop
species and between crops and their wild relatives. We found ample gene flow even between geographi-
cally distant crop species (Figure 2B). The strongest signal was identified for the Central American crop
hypochondriacus and the South American caudatus. This signal was robust even when changing the
third species in the test (Figure 2B and Table S1). The test also identified gene flow between the South
American crop species caudatus and the second Central American grain amaranth cruentus. However,
the strength of gene flow between them was lower. This is also shown when the three grain species were
tested in the same tree, where a significant level of gene flow between caudatus and hypochondriacus
was identified (D=0.22; Figure 2B, second row), showing that the signal of gene flow between the two
species is higher than the shared variation of the three crops. As both Central American grain amaranths
were domesticated from Central American hybridus and the exact subpopulations of the ancestor that
gave rise to each crop remain unknown, we could not test directly for gene flow between the two Central
American grain species. The high level of exchange of genetic material between species was also shown
by tree topology tests using Twisst (Martin and Van Belleghem, 2017). While the expected tree topology
along the genome, with the two Central American crops being closest, was the most common, the other
two alternative topologies were only slightly less abundant (Figure 2C). Altogether, more gene flow was
observed between two allopatric crop species, caudatus and hypochondriacus, less gene flow was observed
with cruentus.

We tested whether isolation with gene flow between hypochondriacus and caudatus was a better
fitting model than a simple split without further gene flow by simulating demographic histories using
Fastsimcoal2 (Excoffier et al., 2013). We investigated three alternative models: population split without

gene flow, population split with one-time gene flow and population split with continuous gene flow (Figure
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S2). The model for a population split with continuous gene flow was obtained as the best model (Table
S2), suggesting that this is the most suitable scenario (Figure S2). In addition, this model predicts
population splits estimates that coincide with previous observations (Stetter et al., 2020).

In addition to gene flow between crop species, we examined gene flow signals between the crops and
their wild relatives. We found the strongest signal of gene flow between the sympatric South American
grain crop caudatus and the local wild quitensis with a D-value of -0.71. When testing a scenario where
we assumed quitensis as the ancestor of caudatus, which had been suggested previously (Sauer, 1967b),
significant gene flow from South American hybridus was detected (Figures S3 and S4), indicating the

intermediate role of A. quitensis between wild and domesticated species.
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Figure 3: Variable ancestry across individuals and along the genome. A) Contribution of donor popula-
tions to individual recipients. Values within boxplots represent contributions by different donor popula-
tions to each individual of the recipient population. The Y-axis scale differs between plots. The schematic
geographic range of populations. B) Population scale ancestry proportion along genomic positions of Scaf-
fold 4. The proportion of the most likely donor population at a given SNP across all individuals in the
recipient population. Each plot represents a recipient population, and colors represent donor populations.
Exemplary scaffold, all scaffolds in Figure S5. Donor colors according to Figure 1.

2.2.1 Fine-scale gene flow reveals diverse local ancestry of grain amaranths

The genome-wide and population-wide gene flow analysis already showed the complex pattern of exchange
of genetic material between the Amaranthus species. We found evidence of gene flow for distant and
closely related species. To understand the species complex as a whole, we inferred the local ancestry
(Lawson et al., 2012) along the genome of each individual using finestrucuture v4.1 (Lawson et al., 2012)
and summarized them by population (Figure 3). We observed that the Central American grain species
cruentus and hypochondriacus had less admixed backgrounds but shared ancestry tracks depending on

the different individuals. Both had the highest donated portion from the wild hybridus CA (Figure
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3). Hypochondriacus had a heterogeneous contribution from the other species to different individuals
(although with proportions less than 0.016 total), while cruentus had a more homogeneous contribution
among individuals in the population. In South America, the overall pattern observed with population-
wide introgression tests was also confirmed by the individual-based test (Figures S3 and S4). The South
American populations caudatus and quitensis shared large amounts of ancestry, but this strongly varied
between the individuals, between 10.8% and 18.5% of quitensis ancestry in caudatus individuals(Figure

3A), which also varied along the genome (Figure 3B).
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Figure 4: Fine-scale gene flow along the genome between domesticated amaranth populations. We used
the D-value to calculate gene flow along the genome in 1000 SNPs windows. Each dot represents the
D-value for a tree comparing A. caudatus with A. hypochondriacus or A. cruentus. Positive values are
indicative of gene flow between A. caudatus and A. hypochondriacus and negative values between A.
caudatus and A. cruentus. The top 0.1% of windows in each direction were colored. The bars at the
bottom indicate previously detected selective sweep regions detected in A. caudatus. Orange dots denote
overlaps between selective sweep and top gene flow signal.

We further wanted to understand whether gene flow is variable along the genome. Comparing ancestry
signals along the genome of the different species showed that even the same region can have multiple
donors in a species (Figure 3B and Figure S5). Using D-value in genomic windows, we scanned the
genomes for gene flow signals in the trees with significant genome-wide signals. The previous comparison
between crops showed the presence of gene flow between hypochondriacus and caudatus and between
cruentus and caudatus (Figure 2). In the local scan, we observed similar signals as for global gene flow
analysis; stronger gene flow between caudatus and hypochondriacus (D>0.992 for top 1% windows) than
between caudatus and cruentus (D < -0.887 for bottom 1% windows) (Figure 4). Windows representing
significant gene flow from cruentus or hypochondriacus with caudatus did not overlap, suggesting that
gene flow occurred independently between species.

To understand the potential reason for the observed high levels of gene flow between grain amaranth
species, we combined gene flow signals along the genome with selection scan results (Gongalves-Dias and
Stetter, 2021). Despite the genome-wide distribution of gene flow between crop species, only a few selective
sweeps overlapped with outlier windows of gene flow between caudatus and the other two crop species.

We found 13 overlapping windows in total, eight in regions of gene flow between hypochondriacus and
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caudatus and five between caudatus and cruentus. Despite the relatively low total number, the overlap
was higher than expected by chance (p=0.02), suggesting beneficial gene flow between geographically

distant crop relatives.

2.2.2 Introgression from wild ancestor mitigates increased genetic load in

domesticated grain amaranths

In many crop species, a reduction in overall genetic diversity between wild relatives and the crop has
been observed. This has been associated with population bottlenecks and directional selection during
domestication (Gaut et al., 2018). Increased genetic drift and hitchhiking with selected alleles can lead
to a higher genetic load in the domesticated species (Lu et al., 2006; Wang et al., 2017). We calculated
GERP scores for the A. hypochondriacus reference genome from whole genome alignments with 15 diverse
plant species of different relatedness as a proxy for deleterious alleles (Figure S6). We observed that two
domesticated species (caudatus and cruentus) had a significantly higher total genetic load than their wild
ancestor hybridus. The third crop species, hypochondriacus, had a higher load than hybridus SA but
lower than hybridus  CA (Figure 5A). This pattern remained even when using the A. cruentus reference
genome (Ma et al., 2021) to calculate GERP scores, showing that the difference is likely not the result
of reference bias when calculating GERP scores (Figure S7). The South American relative quitensis
showed as high total load as the domesticated species. Partitioning of total genetic load from fixed and
segregating sites showed that the domesticated species had a high fixed load but a lower segregating load
than their wild ancestor (Figure 5B and C). Quitensis also showed high fixed load and low segregating load,
in agreement with the small effective population size and low genetic diversity documented previously
(Stetter et al., 2020).

To investigate if hitchhiking of deleterious alleles with selected loci led to the overall increase in genetic
load in the domesticated species, we compared genetic load within selective sweep regions (Gongalves-
Dias and Stetter, 2021) with that of random non-sweep regions. We observed that the mean load per site
in sweep regions was significantly lower than in control regions for all domesticates (Figure 5D). However,
the mean GERP score per deleterious site in the sweep regions showed higher values than deleterious
sites in control regions, suggesting a hitchhiking effect (Figure 5E). This suggests that strongly deleterious
alleles might accumulate within selective sweep regions due to hitchhiking, but mildly deleterious alleles
fix or increase in frequency due to increased genetic drift.

The abundant gene flow between grain amaranths and their wild relatives is expected to impact the
patterns of genetic load. To evaluate the potential effect of gene flow on the accumulation of deleterious

alleles, we measured the total load accumulated within introgressed regions from other species into a
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recipient species as the proportion of introgressed load received per individual. The expected value if
introgressed regions carry the same amount of load as random regions would be one, while the value is
higher than one for deleterious introgression and less than one for beneficial introgression. The analysis
showed that introgressed regions from A. hybridus into the domesticated reduced genetic load, while
introgression between crops donated higher load in the recipient population (Figure 5F). Introgression
from domesticated donors into the wild species resulted in a higher genetic load. These results might
suggest that gene flow from populations with higher effective population sizes (wild relatives) could

provide evolutionary rescue for the smaller populations (crops).

2.2.3 Hybrid incompatibilities between grain amaranths

All gene flow begins with the inter-mating between individuals of different populations. To further
understand the process of gene flow and differences in observed levels of gene flow, we crossed multiple
inbred lines of the three crop species. All three amaranth species are mostly selfing, but outcrossing is
possible and occurs in the field. We selected three accessions from each crop species and crossed them
within and between species, including selfings. All crosses produced viable F; seeds. Selfings and intra-
specific F; plants grew without complications and set seeds (Figure 6, Table S3). The inter-specific Fy
plants of the 5 combinations between A. caudatus and A. hypochondriacus developed healthy and fertile
plants. For crosses between A. cruentus and A. hypochondriacus, one of the three combinations led to a
lethal phenotype, with unhealthy seedlings that did not survive the juvenile stage (Figure 6). Yet, both
parents of this cross produced healthy and fertile offspring with other crossing partners, suggesting that
incompatibility is the result of a specific allelic combination rather than an individual unfit parent (Table
S3). All of the six combinations between A. caudatus and A. cruentus resulted in the lethal phenotype,
suggesting a genetic incompatibility between these species. The difference in hybrid compatibility between

grain amaranth species likely contributed to the observed patterns of gene flow.
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Figure 5: Genetic load in domesticated and wild amaranth. A-C) Genetic load was calculated as the sum
of GERP scores for the derived allele per individual. A) Total genetic load per individual in domesticated
and wild populations. Different letters above the box plot represent significant differences. B) Segregating
genetic load in each population per individual and C) Fixed genetic load within each population. D) and
E) Accumulation of genetic load in selective sweep regions and control regions (rest of the genome). D)
Mean load of sweep/non-sweep region (including all sites in region); E) Mean effect (GERP score) of
deleterious allele in region (only deleterious sites). Asterisks above box plot represent the significance
level. F) Relative introgressed genetic load; load in introgressed regions relative to introgression received
from the donor. A value greater than one represents increased load through introgression, while a value
lower than one shows a reduction in load through introgression compared to the amount of introgression
by the donor. A value of 1 shows, the expectation of equal load and introgression proportion (denoted by
red dotted line). The asterisks above the box plot represent the significance level for one-sample t-test.
(* - p-value < 0.05, ** - Pvalue < 0.01, *** - Pvalue < 0.001)
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Figure 6: Proportion of lethal F; phenotypes. The lower triangle shows the number of lethal combinations
between accessions out of the total number of combinations. We considered a cross as "lethal" when all
F; seedlings died within 20 days after planting. The upper triangle shows example images of phenotypes
of inter-specific combinations. cau: A. caudatus, cru: A. cruentus , hyp: A. hypochondriacus
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2.3 Discussion

Crop populations that we observe today are the result of different evolutionary processes. While selection
and demographic changes have been extensively studied, gene flow and its role in the fitness of crops has
only received attention in recent years. This is partially due to technical advances in plant genomics,
but might also have resulted from the conceptual assumption of a linear process from one wild ancestor.
The complex makeup of modern grain amaranth shows that gene flow between crop populations, even
over long geographic distances, was prevalent (Figure 2). Gene flow between crop lineages of species that
were domesticated multiple times has also contributed to diversity in rice (Yang et al., 2012), tomato
(Razifard et al., 2020) and common bean (Rend6n-Anaya et al., 2017). Not only does such gene flow
between closely related crop populations occur, it is also heterogeneous between individuals and along
the genome (Figure 3).

A potential reason for lower genetic exchange between specific pairs of grain amaranth could have
been the reported difference in chromosome number between A. cruentus with 17 chromosomes in com-
parison to 16 chromosomes in the other 4 species (EJ and Poggio, 1994; Ma et al., 2021). Yet, this would
only lead to infertile F; plants, rather than necrotic, non-viable plants that die in the seedling stage. In-
stead, A. cruentus formed fertile hybrids with two out of three A. hypochondriacus accessions, suggesting
incompatibility not because of difference in chromosome numbers but rather a genetic incompatibility
(Figure 6). Our crossing experiment revealed differential genetic incompatibility between grain amaranth
species, consistent with previous observations on interspecific hybrid necrosis (Gupta and Gudu, 1991). A
potential one-locus underdominance model of hybrid incompatibility would require strong genetic drift in
both populations (Wu and Ting, 2004), which could be the result of previously demonstrated domestica-
tion bottlenecks in grain amaranth (Stetter et al., 2020). The observed reproductive barrier could also be
the result of a Dobzhansky-Muller incompatibility (Muller, 1942), including more than one locus. Given
the large geographic distance between incompatible crop species (A. caudatus in South America and A.
cruentus in Mesoamerica) the reproductive barriers likely evolved through neutral processes rather than
selection against gene flow. The incomplete barrier between A. cruentus and A. hypochondriacus might
allow further insights into the progression of reporductive isolation during crop domesticaiton (Tenail-
lon et al., 2023). The genetic mechanism for incompatibility warrants further investigation, as this has
practical implications for potential hybrid breeding using different crop species as heterotic pools. The
complete compatibility between A. hypochondriacus and A. caudatus is reflected in higher gene flow sig-
nals than between these species and A. cruentus (Figure 2 and 6). Therefore, A. hypochondriacus and
A. caudatus would be the most promising heterotic pools for future amaranth breeding.

Given the high prevalence of incompatibility between A. cruentus and A. caudatus, gene flow might
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have occurred early during the 8,000 year-long domestication history if strong reproductive barriers only
developed later in the process. If the hybrid incompatibility arose at the advent of amaranth domestica-
tion, it can be expected that gene flow between A. cruentus and A. caudatus was likely beneficial, given
the high fitness disadvantage of Fy hybrids (Janzen et al., 2019; Aguillon et al., 2022). We found a low
but significant number of introgressed selective sweeps that might represent such beneficial gene flow be-
tween amaranth crop species. Currently, there are only a few domestication-related QTL known in grain
amaranth that would allow linking introgressed regions to phenotypic changes during domestication. The
previously reported QTL for the seed color change during amaranth domestication did not show signals
of introgression consistent with the previously reported repeated selection for the trait in the three crop
species (Stetter et al., 2020). More quantitative genetic and functional analyses could reveal additional
QTLs that could indicate the adaptive potential of introgressed regions between grain amaranths.
Adaptive gene flow from wild relatives into crops has previously been associated with environmental
adaptation in crops. For instance, in maize, the introgression of the wild relative Zea mays spp. mezicana
has been associated with the adaptation of maize to highland conditions and colder climates (Wang et al.,
2017). Recent work even suggests a prevalent role of Zea mays spp. mezxicana in the domestication of
maize (Yang et al., 2023). While we cannot associate gene flow from wild relatives with positive selection,
we found decreased genetic load in regions that were introgressed from wild relatives (Figure 5). This
could be due to higher effective population size and higher genetic diversity of wild relatives (Stetter
et al., 2020). The wild ancestor A. hybridus showed lower genetic load than the domesticates (Figure 5),
which might be the result of less demographic change during the recent past (Stetter et al., 2020). Post-
domestication gene flow between crops and their wild ancestor could consequently reduce the frequency
of deleterious alleles. A similar correlation of genetic load and gene flow from a wild relative has also been
shown in maize and sunflower, where gene flow regions from the wild relative showed reduced genetic
load (Wang et al., 2017; Huang et al., 2023). Similarly, work in humans has shown that gene flow from
a relative with a small population size (Neanderthal) into a population with a larger population size
(modern humans) led to increased genetic load (Harris and Nielsen, 2016), as we observe for gene flow
from domesticated amaranths into A. hybridus. The accumulation of genetic load in populations with
small effective population sizes can even lead to the extinction of populations or species as a whole (Rogers
and Slatkin, 2017). Hence, gene flow from relatives with large population size not only provides adaptive
variation but can also lead to the evolutionary rescue of the small population (Carlson et al., 2014).
Despite the amelioration of genetic load through gene flow with wild relatives, crop-wild hybrids are
expected to perform poorly as crops. Gene flow, therefore, needs to have an overall beneficial effect that
is higher than the destruction of domestication traits (Stetter, 2020). This might be particularly possible

in crops like grain amaranth where the domestication syndrome is only weakly pronounced (Stetter et al.,
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2020).

For crops that maintain high gene flow with their relatives and are phenotypically less differentiated
from wild plants, as is the case for grain amaranth, the borders between wild and domesticate might be
fluid. Strong gene flow between wild and domesticated crops might also allow the domesticate to return
to the wild and be viable without human intervention again. Such feralization has been observed for a
number of plant and animal species (Gering et al., 2019). We found particularly strong signals of gene
flow between grain amaranth and its wild relatives in South America (Figure 2B). The close relationship
between wild species and crop in South America has led to different hypotheses for the domestication
of A. caudatus suggesting A. quitensis as potential wild ancestor (Sauer, 1967b). While this cannot be
completely ruled out, previous work using genome-wide makers data suggested A. hybridus as ancestor
for all three grain amaranths (Kietlinski et al., 2014; Stetter et al., 2020). The high and genome-wide
equally distributed signal of gene flow between A. caudatus and A. quitensis (Figures 2 and 3) together
with the low population size and signs of a strong population bottleneck in A. quitensis (Stetter et al.,
2020) might indicate a feralized status of this species. The clarification of the status of A. quitensis will
need further work with multiple populations of this species, local crop and wild relatives.

Overall, we show that the relationships between species are beyond linear, with exchanges between
populations despite large geographic distances and the reintroduction of genetic material that was poten-
tially lost during speciation. Even with observed genetic incompatibilities and high genetic differentiation
between the crop species, we found strong signals of gene flow between grain amaranths and between the
crops and their wild relatives. Recurrent gene flow from the wild relative into the crops might have allowed
evolutionary rescue, counteracting the loss of diversity, but likely hindered the fixation of domestication

traits leading to the incomplete domestication syndrome observed today for grain amaranth.

2.4 Materials and Methods

We studied whole genome resequencing data of 108 domesticated and wild amaranth accessions. The raw
reads are available from European Nucleotide Archive (project numbers PRJEB30531) (Stetter et al.,
2020). The accessions included the three domesticated amaranth; 33 A. caudatus L. (caudatus), 21 A.
cruentus L. (cruentus) and 21 A. hypochondriacus L. (hypochondriacus); as well as 5 wild A. hybridus
L. from Central America (hybridus CA), 4 A. hybridus L. from South America (hybridus SA), and
24 A. quitensis Kunth. (quitensis) (Table S5). A. tuberculatus was used as outgroup for the study
(ERR3220318), (Kreiner et al., 2019). Raw reads were aligned to amaranth reference genome (Lightfoot

et al., 2017b) using bwa-mem?2 (v 2.2.1) (Vasimuddin et al., 2019).
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Variant calling

For variant calling, we utilized ANGSD (v.0921) (Korneliussen et al., 2014b), with -ref A. hypochondri-
acus V2.1 reference genome (Lightfoot et al., 2017b) - doCounts 1, doGeno 3 dovcf 1, gl 2, dopost 2,
domajorminor 1anddomaf 1. We filtered for missing data and mapping quality using minInd 73 (max 30
missing data), minQ 20, minMapQ 30, only_proper_pairs 1, trim O, SNP_pval le-6, setMaxDepthInd
150 and setminDepth 73. The resulting VCF file was phased using Beagle (v 5.2) (Browning et al.,
2021) using default parameters. For linkage disequilibrium (LD) pruning, we used Plink (v 1.9) (Purcell
et al., 2007) using windows of 50kb with 5kb steps and a r? threshold of 0.3. The resulting VCF file had
a total of 13,330,082 sites.

Gene flow analysis

We inferred gene flow between populations using D-statistic implemented in ANGSD (v.0921) (Kor-
neliussen et al., 2014b). We inferred population-wide statistics with the abbababba function for calcu-
lations of D per individual and abbababba2 for calculations between populations. For both tests, A.
tuberculatus was used as outgroup (H4). Only trees with a significant Z-score (absolute value above 3)
were included in the results. For fine-scale analysis along the genome, we employed Dsuite (Malinsky
et al., 2021-02). We used the function Dinvestigate in windows of 100 SNPs to calculate D between
trios along the genome. We also utilized the function Dtrios to verify the concordance of the global
genome with the results obtained from ANGSD. To overlap regions with gene flow between crop species
with selection signals, windows with significant signals of gene flow (1% outlier values) were overlapped
with selective sweeps signals in the recipient population. Selective sweeps were previously identified in
Gongalves-Dias and Stetter (2021). The overlaps were tested for significance using a hypergeometric test

(pyhper function in R 4.2).

Topology inference

We used Twisst (Martin and Van Belleghem, 2017) to infer the topology of each trio along the genome in
windows of 100 SNPs, utilizing A. tuberculatus as an outgroup. For each window, a topology is assigned
and a summary of the proportional windows in which each topology appeared is then obtained. This
inference allows a blind observation of the relationship between species. In the case, where topologies
that differ from a neutral expectation are present in high proportions suggests gene flow between species.

We inferred the topology for trios, between which a putative gene flow signal was identified.
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Local Ancestry inference

We inferred local ancestry for each individual using finestrucuture v4.1 (Lawson et al., 2012). We used a
uniform recombination rate generated with the perl script makeuniformrecfile.pl. The program was
run using parameter -f 0 O which considers the populations and iterates through all individuals. For
each individual, all five species (including individuals of the same species) were used as donors, which
allowed to differentiate ancestry from all the species. We further assigned the most likely donor for
each genomic region of an individual. The donor for each position per individual was assigned based
on the most likely donor population with a likelihood larger than 0.5. Sites that could not meet these
likelihood thresholds were called "ambiguous". Using these thresholds, the proportion of donated region
per individual was calculated. In addition, the proportion along the genome within each population was

sumimarized.

2.4.1 Demographic modeling

To estimate whether the identified scenario of gene flow fits best to our data we used simulations using
Fastsimcoal2 (Excoffier et al., 2013). The joint site frequency spectrum (SFS) was generated using non-
coding SNPs having no missing value in any of the individuals and a minimum coverage of five reads
using a python program easySFS (https://github.com/isaacovercast/easySFS). First, the program
was run on preview mode (—preview) to identify the true sample size and the best sample size selected was
used for the projection (-proj) to generate the joint SFS. Three different models namely, two-population
split, two-population split with one migration event and two-population split with continuous gene flow
(Figure S2) were applied to the observed joint SFS. The models were compared using Akaike’s Information
Criterion (AIC). The best parameter estimate was calculated based on 100 independent runs with 200,000
coalescent simulations and 40 cycles of likelihood maximization algorithm. The 95 percent confidence
interval of each parameter was estimated based on 50 non-parametric bootstrapping datasets. Each of
the 50 bootstrapped datasets was run 50 times to estimate the best run. These 50 best run parameters

were then used to estimate the confidence interval using the boot package in R (Canty and Ripley, 2017).

Genetic Load

We used Genomic Evolutionary Rate Profiling (GERP) (Davydov et al., 2010) scores to account for the
effect of deleterious alleles at each site. We aligned 15 repeat-masked genomes of angiosperm species
spanning a large taxonomic range to the reference genome of A. hypochondriacus (v2.1) (Lightfoot et al.,

2017b). We followed the pipeline of Wu et al. (2022). Briefly, we aligned genomes of 16 divergent

29


https://github.com/isaacovercast/easySFS

species: Beta vulgaris EL10 1.0, Brachypodium distachyon v2.1, Chenopodium quinoa v1.0, Glycine
max Wm82.a4.v1l, Helianthus annuus r1.2, Medicago truncatula Mt4.0v1l, Mimulus guttatus v2.0, Oryza
sativa v7.0, Phaseolus vulgaris v2.1, Populus trichocarpa v4.1, Setaria viridis v2.1, Solanum lycopersicum
ITAG4.0, Sorghum bicolor v3.1.1, Spinacia oleracea (Monoe Viroflay) and Vitis vinifera v2.1 from phy-
tozome (Goodstein et al., 2012) to the A. hypochondriacus reference genome using the LAST aligner
(Kietbasa et al., 2011). The tree topology for the species was extracted from the NCBI-phylogeny using
the ete3 toolkit (v3.1.2) (Huerta-Cepas et al., 2016). Phylofit from phast package (Siepel et al., 2005) was
used to calculate the branch length of the tree along with four-fold degenerate sites from A. hypochon-
driacus reference annotation file to generate a neutral model. All pairwise alignments were merged using
ROAST (https://github.com/multiz/multiz) (Blanchette et al., 2004). GERP++ (Davydov et al.,
2010) was used to calculate the GERP scores for each site using gerpcol with -j option that projects
out the reference genome to avoid bias in the calculation. All sites with negative GERP values were set
to 0 as negative values are not informative and misleading. The ancestral allele for each site was defined
on the basis of three outgroup species closest to Amaranthus in the phylogenetic tree, i.e., Beta vulgaris,
Chenopodium quinoa and Spinacia oleracea. Variants among these three species were called from the
roast multiple alignment file (maf) using maffilter (version 1.3.1) (Dutheil et al., 2014). Sites not covered
by any of the three outgroup species were removed. For the remaining sites, the major allele among
the three species was called the ancestral allele. In case of discrepancy for a majority rule, the allele for
Spinacia oleracea was called as the ancestral allele.

From a total of 13.2 million SNPs, we extracted 1,429,744 sites for which the GERP score and the
ancestral alleles could be assigned. We then polarised the SNPs and removed sites where neither the
reference nor the alternate allele matched the ancestral one. This yielded a total of 1,145,566 SNPs
that were used for genetic load calculation. The GERP score from sites having derived alleles was then
summed to calculate the total genetic load using an additive model. The genetic load was calculated
for each accession individually. The significance of variation for the load in each population was then
analyzed using an ANOVA followed by TukeyHSD in R (https://www.rdocumentation.org/packages/
stats/versions/3.6.2/topics/TukeyHSD).

To account for the reference bias, the GERP score was also calculated using A. cruentus genome
(Ma et al., 2021) as reference, using the same method as described above. The variants file of individuals
that used A. hypochondriacus as reference was lifted to the A. cruentus genome using liftover module
of maffilter (version 1.3.1) (Dutheil et al., 2014). The individual genetic load was then calculated using
GERP score from A. cruentus genome for each lifted site as described above.

To overlap genetic load and selective sweeps, the sweep regions for each of the populations were

overlapped with the sites with GERP score. Variants from those regions were extracted for the individuals
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of the respective populations. Any other regions of the genome that were not under the sweep region
were considered as control region. To account for the difference in the sizes of the sweep and control
regions, we divided the total load by the total number of sites used in the analysis. Differences in genetic
load between sweep and non-sweep regions were then tested using a t-test for each population.

In order to calculate the introgressed load, GERP scores were summed for sites having the derived
allele donated by a different population. The introgressed load was expressed as a ratio of load contributed
by the introgressed species to the percentage of introgression sites. A value greater than one predicts the
contribution of a higher load due to gene flow. The significance of deviation from the expected value was

analyzed using one-sample t-test against the null-expectation of equal contribution of 1.

Experimental hybridization between grain amaranth species

We selected genetically and morphologically defined accessions for each of the three crop species (A.
caudatus, A. cruentus, and A. hypochondriacus) to assess their cross-compatibility. We crossed 9 parental
accessions (three per species) to create 25 inter - and intraspecific combinations and examined multiple
crosses per combination (Table S3). The parental lines were previously selfed for at least three generations
to ensure homozygosity. As the three grain amaranths are mostly selfing, we hand-emasculated the female
parent and bagged parents together. Successful crossing was ensured by PCR using diverging primer
pairs (Table S4). To determine the hybrid survival rate, the hybrids were grown alongside their parental
accessions in a greenhouse in Cologne (Germany) under long day conditions (16h light, 8h dark) at 25°C.
We evaluated the survival of hybrid plants from at least three offsprings per cross. We considered a cross

as "lethal" when all F; seedlings died within 20 days after planting.

2.5 Data Availability

Genomic data is available through Stetter et al. (2020) and the associated ENA project. All scripts used

in the analysis are available on https://github.com/cropevolution/GeneFlowLoadRescue.
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3 PopAmaranth: a population genetic genome browser

for grain amaranths and their wild relatives

Abstract

The combination of genomic, physiological, and population genetic research has accelerated the under-
standing and improvement of numerous crops. For non-model crops the lack of interdisciplinary research
hinders their improvement. Grain amaranth is an ancient nutritious pseudocereal that has been do-
mesticated three times in different regions of the Americas. We present and employ PopAmaranth, a
population genetic genome browser, which provides an accessible representation of the genetic variation
of the three grain amaranth species (A. hypochondriacus, A. cruentus, and A. caudatus) and two wild
relatives (A. hybridus and A. quitensis) along the A. hypochondriacus reference sequence. We performed
population-scale diversity and selection analysis from whole-genome sequencing data of 88 curated ge-
netically and taxonomically unambiguously classified accessions. We employ the platform to show that
genetic diversity in the water stress-related MIF1 gene declined during amaranth domestication and pro-
vide evidence for convergent saponin reduction between amaranth and quinoa. PopAmaranth is available

through amaranthGDB at amaranthgdb.org/popamaranth.html

3.1 Introduction

Genome sequencing, genome-assisted breeding, and molecular breeding techniques have accelerated the
improvement of numerous major crops (Wallace et al., 2018; Lemmon et al., 2018). The availability of
genome-wide diversity data of crops and their wild relatives has allowed to identify and study candidate
genes of agronomic significance (Hufford et al., 2012; Huang et al., 2012; Wang et al., 2020a). These
candidates can then be validated through molecular genetics (Ross-Ibarra et al., 2007; Fernie and Yan,
2019; Sedeek et al., 2019; Wang et al., 2020a). To facilitate the interdisciplinary use of population genetic
results, it is essential to provide summary statistics in an intuitive and user-friendly way.

Different platforms have been developed to make genomic resources available across disciplines and
have enabled the integration of complementary research areas (Lawrence et al., 2004; Alonso-Blanco et al.,
2016; Jin et al., 2013). Ounline genome browser platforms such as Ensemble (Bolser et al., 2016) and
Phytozome (Goodstein et al., 2012) have become a standard interface to interact with genome sequences
and annotations and are used across research fields. Genome browsers provide access to reference genome

sequences and gene annotations for numerous plant species but most browsers only provide data for a
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single reference individual per species. Species-specific browsers include sequence data and variant calls
for a large number of individuals (e.g., Lawrence et al., 2004; Dash et al., 2016; Krishnakumar et al.,
2015; Mansueto et al., 2017; Kudo et al., 2017), but do not allow a direct inference of a population
scale genome-wide diversity across related species. Population genetic genome browsers that provide
population-scale summary statistics are available for only a few non-plant model species (Casillas et al.,
2018). For plant and crop species, in particular minor crops, such resources are currently unavailable.

Novel and under-utilized crops have a high potential to contribute to sustainable food production, as
many such crops are tolerant to abiotic and biotic factors and are of high nutritional value (Mayes et al.,
2012). Amaranth is an under-utilized crop that has been cultivated for its grains as pseudocereal and its
edible leaves as a vegetable (Sauer, 1967a; Joshi et al., 2018). Three grain amaranth species, Amaranthus
caudatus, A. cruentus L., and A. hypochondriacus L., have been domesticated for their grain from a
common wild ancestor, A. hybridus L. (Stetter et al., 2020). Another wild relative, A. quitensis Kunth,
is suspected to be involved in the domestication of the South American A. caudatus, although its role
and contribution to the crop remain unclear (Stetter et al., 2017a, 2020). The repeated domestication
of amaranth presents an interesting model to study genetic parallelisms along selection gradients, and
the combination of genomics, quantitative genetics, and molecular dissection of gene function has a high
potential to improve grain amaranth.

First resources that allow the functional study of traits have been developed for amaranth. On the one
hand, numerous genomic resources, including a high-quality reference genome (Lightfoot et al., 2017a)
and a transcriptome (Clouse et al., 2016), genome-wide marker data (Mallory et al., 2008; Stetter et al.,
2017a, 2020) and QTL regions for different traits (Lightfoot et al., 2017a; Stetter et al., 2020) have been
identified. On the other hand, a number of molecular methods have been adapted for the crop, including
molecular gene function identification (Massange-Sanchez et al., 2016), state-of-the-art transient ’hairy’
roots expression systems (Castellanos-Arévalo et al., 2020), and stress physiology assays (Parra-Cota
et al., 2014; Massange-Sanchez et al., 2015). Combined, these resources can elevate amaranth research
and improvement if results and data are available and accessible for researchers across disciplines.

Here, we present PopAmaranth, an interactive genome-wide population genetic browser for amaranth.
PopAmaranth facilitates browsing a number of population genetic summary statistics and selection sig-
nals, gene annotation, and variant calls of the three grain amaranths and two wild relatives along the
amaranth genome. We defined a curated set of 88 morphologically and genetically identified samples
with whole-genome sequencing data to represent the five populations. Currently, PopAmaranth pro-
vides three categories of summary statistics, namely genetic diversity, population differentiation, and
selection signals, plus variant calls and annotation tracks, in a total of more than 40 tracks. We show

how the tool allows a user-friendly way to screen evolutionary signals for candidate genes and compare
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them between populations by identifying selection signals in a stress gene previously identified in one
of the grain amaranths and in an ortholog quinoa domestication gene that shows convergent signals of
selection in amaranth. PopAmaranth is embedded in amaranthGDB and is accessible from amaran-

thgdb.org/popamaranth.html.

3.2 Methods

3.2.1 Data and filtering

We used whole-genome sequencing data of 116 accession from five amaranth species, including the three
grain amaranths (24 A. hypochondriacus, 24